Membrane extracts of sterile Saccharomyces cerevisiae strains containing the a-specific stel4 mutation lack a farnesyl cysteine C-terminal carboxyl methyltransferase activity that is present in wild-type a and a cells.
Eucaryotic polypeptides synthesized with the C-terminal sequence -Cys-Xaa-Xaa-Xaa (where Xaa is any amino acid) can be posttranslationally modified by proteolytic, lipidation, and methylation reactions. The resulting structures, first found in the peptidyl mating factors from the jelly fungi Tremella mesenterica and Tremella brasiliensis, contain C-terminal cysteine residues that are modified by both an S-isoprenyl group in a thioether linkage and a-methyl esterification (21, 29) . Additional examples include the a mating factor (1, 3) and RAS proteins (10, 13, 30) from Saccharomyces cerevisiae and the mammalian Ras proteins (4, 8, 17, 18, 30) , large G-proteins (14) , cyclic GMP phosphodiesterase (26) , and nuclear lamins (5, 6, 11, 20, 33, 36) . The Ras proteins can also be palmitylated at a nearby cysteine residue (7, 9, 18) . Although the physiological roles of these modifications are unclear, it has been proposed that the lipidation and methylation reactions may guide at least some of these polypeptides to their functional sites on membrane surfaces (8, 10, 11, 14, 17, 18, 20, 26, 33) . Additionally, they may participate in the signal transduction roles common to most of these proteins (8, 10, 14, 17, 18, 26, 30) .
We have been interested in the genetic and molecular basis of these modifications in the synthesis of a factor pheromone, a peptide necessary for mating between haploid a and a cells of the yeast S. cerevisiae (19, 25) . At least three genes have been associated with its posttranslational maturation, which results in a C-terminal S-farnesyl cysteine a-methyl ester residue. One of these genetic loci, alternatively named STE16 (35) , DPRI (12, 16, 32) , and RAM (28) , has been characterized. Mutations here result in the defective maturation of both a factor and the RAS proteins. From * Corresponding author. sequence analysis, it has been tentatively suggested that this gene may encode the protease that removes the C-terminal three amino acids that follow the modifiable cysteine residue (16) . Two other genes have been identified whose loss results in defective a mating factor production: STE6 (23, 24; J. D. Rine, Ph.D thesis, University of Oregon, Eugene, 1979) and STEJ4 (L. C. Blair, Ph.D. thesis, University of Oregon, Eugene, 1979) . It has recently been proposed that the STE6 protein is a transmembrane translocator that exports peptides by a route independent of the classical secretory pathway (23, 24) . To date, no function for the STE14 gene product has been established, although DNA sequence analysis has suggested that it is a membrane protein (S. Sapperstein, C. Berkower, and S. Michaelis 1 ,600 x g for 10 min, and the supernatant (whole-cell extract) was spun at 100,000 x g for 120 min. The supernatant was stored at -20°C, and the pellet (crude membrane fraction) was suspended in 1 ml of cold glycerol buffer (20% glycerol, 10 mM Tris-HCl [pH 7.4]).
Purification of membranes by sucrose gradient centrifugation. Membranes were purified by a modification of the sucrose gradient centrifugation procedure previously described by Serrano (31) . Gradients were established in 4.4-ml polyallomer centrifuge tubes with 0.95 ml of 53.5% (wt/wt) sucrose and 1.80 ml of 43.5% (wt/wt) sucrose. Suspended 1-ml samples (crude membrane fractions) were layered on top, and the gradients were spun at 310,000 x g for 3 h in a Beckman SW60 swinging-bucket rotor. Membrane banding occurred at the interface between the two sucrose layers. The band was drawn off and washed in 20 ml of sorbitol buffer (120,000 x g, 120 min) to remove the sucrose. Each pellet was suspended in sorbitol buffer to a concentration of about 10 mg of protein per ml. Protein concentrations were assayed by a modification of the Lowry procedure (2) after precipitation with 1 ml of 10% (wt/vol) trichloroacetic acid.
Synthetic peptides. similarity in the residues immediately preceding the conserved cysteine residue of the expanding group of proteins which appear to be isoprenylated and methyl esterified (8) . This peptide does contain, nevertheless, the farnesylated C-terminal cysteine residue that appears to form the methylation site in these molecules.
We detected C-terminal methyltransferase activity in the purified membrane fraction of various strains of S. cerevisiae at specific activities similar to those found in preparations of rat liver, kidney, spleen, and brain membranes (Table 2 ) (31a). The methyltransferase activity was linearly dependent upon incubation time (Fig. 1 ) and enzyme concentration (Fig. 2) . The activity measured was dependent upon the presence of the S-farnesyl peptide; control incubations lacking the peptide showed only background methyl ester formation ( Fig. 2; Table 3 ). We also found that the LARYKC peptide lacking the S-famesyl modification was not a methylaccepting substrate ( Table 3 ), suggesting that the methylation reaction is preceded by the famesylation reaction in vivo. Little or no activity was detected in the cytosolic fraction (100,000 x g) of any of the strains listed in Table 2  (Table 3 ; data not shown).
stel4 mutant strains lack C-terminal methyltransferase activity. While enzyme activity was detected in the purified membrane fraction of a and a wild-type strains and stel6 and ste6 mutant strains, essentially no activity was found in two stel4 mutant strains ( Table 2 , Fig. 1 ). The lack of activity in these strains did not appear to be the result of the presence of an inhibitor in the membrane preparation. Mixing experiments were performed, demonstrating that the methyltransferase activities in the various strains were additive. For example, when 3 ,u1 of membranes from stel4 mutant strains were mixed with 3 pL1 of membranes from wild-type strains, the activity was approximately half of that seen for 6 ,u1 of S-Farnesyl-LARYKC of 100 mM Tris-HCl (pH 7.50), and a total of 6 ,u1 of enzyme from ABYS1 (STE), HR129-2d (ste14), and XBH38-3a (ste14') membrane preparations. Mixed incubations contained 3 ,u1 of each of the membrane preparations. The protein concentrations of these strains were 24 (STE), 42 (stel4), and 37 (ste14') mg of protein per ml.
Samples were incubated for 45 min at 37°C.
wild-type membranes (Fig. 3) . Additionally, when membranes containing the active methyltransferase were mixed with the cytosolic fraction from the stel4 mutant strains, no inhibition of activity was found (data not shown). This latter result suggests the absence of a cytosolic inhibitor in the stel4 mutant cells.
Transformation of wild-type cells and stel4 mutant cells with a plasmid containing the STE14 gene results in the overproduction of active C-terminal methyltransferase. In order to clearly demonstrate the linkage between the defect in the stel4 mutant strains and the identified methyltransferase activity, the ste14' mutant was transformed with a plasmid containing the STE14 gene in a YEp24 vector as described in Materials and Methods. We found that this transformation resulted in an overproduction of active methyltransferase (Table 4) . No detectable methyltransferase activity was observed in nontransformed cells or in cells obtained from control transformations with the YEp24 vector alone (Table 4 ). An ot strain (C39-U3) containing the wild-type STEJ4 gene was also transformed with the plasmid pSL646. This resulted in a sixfold overproduction of active methyltransferase above the endogenous level (Fig. 4) . (1) . In T. brasiliensis, the unmethylated peptide mating factor, tremerogen A-9291-VIII, is 200 times less active than the methylated form, A-9291-I (21). Additionally, it is possible that methylation may be required for the secretion of a factor. Because we detected no methyl-accepting activity of the nonfarnesylated form of this peptide, we propose that the methyl esterification reaction follows the isoprenylation reaction and may represent the final C-terminal posttranslational modification in the maturation of a factor.
This enzyme may also modify other proteins in yeast cells containing a similar C-terminal-modified cysteine residue. The substrate for the methyl esterification reaction is a peptide containing the S-farnesyl C-terminal cysteine residue found in a factor but is otherwise unrelated in sequence.
Additionally, the enzyme activity is present in ot mating type cells. Thus, the same enzyme responsible for the methylation of a factor may also recognize the RAS products (10, 13), although it is not yet clear whether the stel4 mutation affects RAS function in a similar fashion as the stel6 mutation (28) . This methyltransferase may also be responsible for the C-terminal modification of other yeast proteins initially synthesized with the -Cys-Xaa-Xaa-Xaa sequence (8) . Candidates for this type of methylation reaction include the nuclear lamin analogs (5, 6, 15) and the STE18 gene product encoding the y-subunit of a G-protein complex coupled to the mating pheromone receptors (14, 34) .
Although the variation in enzyme activity measured in a given membrane preparation is small, we found a fourfold difference in the specific activity of preparations of membranes from non-stel4 strains (Fig. 1, Table 2 ). It is unclear whether these differences reflect actual changes in methyltransferase levels in these strains of differing genetic backgrounds or reflect differences in growth conditions andlor membrane preparations.
What can we say about the nature of the STEJ4 gene? An attractive hypothesis is that it represents the structural gene for the methyltransferase. Alternatively, the STEJ4 gene product may encode an essential activator protein required either for the expression of the methyltransferase gene or for the action of the methyltransferase enzyme itself. The fact that we observed a sixfold overproduction of enzyme by cells containing a wild-type STEJ4 gene transformed with a plasmid carrying multiple copies of STEJ4 suggests that methyltransferase activity is related to gene copy number. This result is consistent with the structuralgene hypothesis, but we cannot rule out other possibilities at present.
